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Moreover, complementation dearly does not occur at the level of DNA but probably occurs at the protein level. Remarkably, functional complementation is observed only with pairs of permease molecules containing large deletions and is not observed with missense mutations or point deletions. Although the mechanism of functional complementation is obscure, the findings indicate that certain pairs of permease molecules containing specific internal deletions can interact to form a functional complex in the same way phenomenologically as do independently expressed polypeptides corresponding to different N-and C-terminal portions of the permease.
The lactose permease of Escherichia coli is a hydrophobic, polytopic cytoplasmic membrane protein that catalyzes the coupled translocation of f-galactosides and H' with a 1:1 stoichiometry (i.e., symport or cotransport). Encoded by the lacY gene, the permease has been solubilized from the membrane, purified, reconstituted into proteoliposomes, and shown to be solely responsible for 8-galactoside transport (1) (2) (3) . Based on circular dichroic studies and hydropathy analysis (4) , a secondary structure for the permease was proposed in which the polypeptide has a short hydrophilic N terminus, 12 transmembrane hydrophobic domains in a-helical configuration connected by hydrophilic loops, and a 17-residue hydrophilic C-terminal tail (Fig. 1) . Evidence confirming some of the general features of the model and showing that both the N and C termini are on the cytoplasmic face of the membrane has been obtained from laser Raman spectroscopy (5), Fourier transform infrared spectroscopy (P. D. Roepe, H.R.K., and K. J. Rothschild, unpublished work), limited proteolysis (6, 7) , immunological studies (8) (9) (10) (11) (12) (13) (14) , and chemical labeling (15) . Furthermore, analysis of a large number of lactose permease-alkaline phosphatase (lac Y-phoA) chimeras has provided exclusive support for the topological predictions of the 12-helix motif (16) .
In addition to acting as the driving force for active lactose transport, the H' electrochemical gradient across the membrane (APH+) alters the distribution of the permease between two kinetic pathways that exhibit markedly different apparent Km values for lactose (2, 17, 18) . The observation led to the tentative notion (17) that the permease might exist in two forms, monomer and dimer, the monomer catalyzing facilitated diffusion (high apparent Km) and the dimer catalyzing active transport (low apparent Ki), and that ASLH+ might cause dimerization. Subsequently, genetic studies showing that certain lacY mutations are dominant (19) , electron inactivation analysis in the presence and absence of AIXH+ (20) , and demonstration that the permease is dimeric in dodecyl octaethylene glycol monoether (21) lent credence to the idea that oligomeric structure may be important for permease function. On the other hand, the permease is monomeric in dodecyl maltoside (22) and in hexamethylphosphorous triamide (23) , and fluorescence anisotropy measurements with eosinylmaleimide-labeled permease (24) (27) .
Construction of Point Deletions. Construction of the point deletions AW78 and AH322 was carried out by using the polymerase chain reaction with the following mutagenic primers: for AH322, CTG AAA ACG CTG (ACAT) ATG T TT GAA GTA CCG (the CAT codon encoding His-322 was omitted); for AW78, AAA CTC GGT CTA CGC AAA TAC CTG CTG (ATGG) ATT ATT ACC GGC ATG (the TGG codon encoding Trp-78 was omitted). Sequencing of the mutated lacYgenes using the dideoxyoligonucleotide method revealed no changes with the exception of the deleted bases.
RESULTS AND DISCUSSION
Construction of the deletion mutants shown in Fig. lb was facilitated by using a cassette lacY gene containing unique restriction sites approximately every 100 base pairs (bp) within the coding sequence cloned into plasmid pT7-S (28) (Fig. la) . The nomenclature ofthe deletion constructs (NXCy) describes the number of putative transmembrane helices in the N-terminal (N.) and C-terminal (Cy) portions of the protein (Fig. lb) before and after the deletion. Two deletion constructs were examined initially, N8C2 and N2C8 [note that N8C2 lacks putative helices IX and X, which contain Arg-302, Lys-319, His-322, and Glu-325, four residues that are essential for active lactose transport (see ref. 29 for a review) ].
The strategy used (Fig. 2) was to clone lacYDNA encoding N8C2 into plasmid pACYC184, which confers tetracycline resistance, to produce the vector pAN8C2 (6.2 kbp) and to clone lacY DNA encoding N2C8 into plasmid pT7-5, which confers ampicillin resistance, to produce vector pTN2C8 (3.7 kbp). The compatible plasmids were then used either separately or together to transform the cryptic strain E. coli HB101 (lacZ Yr recA13). Cells transformed with each construct individually grow as white or pink colonies on MacConkey indicator plates after 16 3 . Active lactose transport byE. coli T184 harboring the constructs described. Overnight cultures of cells harboring given lacY genes were diluted 1:50 in fresh medium at 25°C, grown to an OD660of 0.5, and induced with isopropyl 1-thio-P,n-galactopyranoside for 3 hr. Cells were harvested by centrifugation, washed once in ice-cold 50 mM potassium phosphate, pH 7.3/10 mM magnesium sulfate, and resuspended in the same buffer to an OD420 of 10 (-1 mg of protein per ml), and the cell suspensions were incubated at room temperature for 5 min prior to addition of 0.4 mM 114C]lactose (10 mCi/mmol). Samples (50 ,ul) were taken at given times, rapidly filtered, and the filters were assayed for entrapped radioactivity by liquid scintillation spectrometry. WT, wild type; NXCy, E. coli T184 transformed individually with each plasmid encoding a deletion. transformant, linearized at a unique HindIII restriction site, separated, and purified by agarose gel electrophoresis, which is straightforward given the difference in the size of the plasmids (i.e., 3.7 and 6.2 kbp, respectively; Fig. 2 ). The purified, linearized plasmids were then religated independently, and transformation of HB101 was repeated with each plasmid individually or with both plasmids simultaneously. The results were identical to those obtained with the original plasmids, thereby demonstrating that complementation does not occur by recombination at the DNA level. Rather, N8C2 and N2C8, which are completely defective by themselves, appear to interact to from a functional complex in the membrane when expressed together.
The findings were expanded by examining additional pairs of deletion mutants, none of which exhibit significant transport activity when expressed individually ( Fig. 3; NXCY) . N2C6/N8C2 and N4C6/N8C2 exhibit diminished but significant transport activity. On the other hand, N4C6/N6C4 and N2C6/N6C2 exhibit only marginal activity, and the combinations N4C4/N8C2, N2C4/N8C2, and N6C4/N8C2 exhibit no activity whatsoever. Importantly, although data are not shown, the following pairs of missense mutations or single amino acid deletions also exhibit no activity whatsoever:
Pro-28 -* Ser (30)/His-322 -* Lys (31), Glu-325 -* Cys (32)/His-322--+ Lys (31), Glu-325--> Cys (32)/Lys-319--Leu (29) , Glu-325 -* Cys (32)/Arg-302 -* Leu (33) , or AW78/ AH322 (see Materials and Methods). Therefore, the ability to complement functionally is a specific property of certain pairs of permease molecules containing relatively large deletions of certain transmembrane hydrophobic domains.
Moreover, complementation appears to be most effective when the deleted domains are separated by at least two transmembrane helices.
One possible interpretation of the results is that there are specific interactions between transmembrane helices in wildtype permease and that disruption of these interactions by deletion leaves a "potential gap" in the structure that can be filled by interaction with another molecule containing the deleted segment. For instance, perhaps putative helix VIII has a high affinity for helix IX (see Fig. 1 ; note that the loop between putative transmembrane helices VIII and IX is relatively short) and poor affinity for helix XI. By this means, a permease molecule deleted of helices IX and X (e.g., N8C2) might "accept" these helices from a "donor" molecule deleted of helices III and IV (eg., N2C8) and/or vice versa N2C8 and N8C2) may be in a more "relaxed" state and therefore able to interact to form functional oligomers. In any case, since the phenomenon described here specifically involves complementation between large deletions within the permease, it appears to be distinct from a complementation with /3-galactosidase (36) , complementation of RNase S peptide/ ribonuclease S and polypeptides of ribonuclease P (37), or trans complementation with missense mutations in the tetracycline/H+ antiporter (38) .
In summary, therefore, while the preponderance of evidence available indicates that lactose permease is functional as a monomer, the results presented here indicate that permease constructs deleted in certain transmembrane domains within the molecules can interact physically to form a functional complex in a manner similar to independently expressed polypeptides corresponding to different N-and C-terminal portions of the permease. Although the mechanism by which functional complementation occurs is not clear at this time, missense mutations or single amino acid deletions apparently do not exhibit this property.
